Abstract: This paper compares performance of index modulation (IM) based OFDM to a more flexible version of OFDM, known as OFDM with multiple constellations (OFDM-MConst). To deliver the same spectral efficiency as in the IM-based OFDM, the OFDM-MConst employs different constellations in different subcarriers. The performance comparison between IM-based OFDM and OFDM-MConst is done for both cases of "no precoding" and "with precoding" of data symbols. Thanks to the multipath diversity gain achieved with precoding and enjoyed by all the information bits, the precoded-OFDM-MConst is shown to significantly outperform precoded-IM-based-OFDM systems over frequency-selective Rayleigh fading channels. Keywords: OFDM, index modulation, constellation precoding, multipath diversity Classification: Wireless Communication Technologies
Introduction
In classical OFDM, a wideband channel is transformed into many narrowband channels that are placed at orthogonal frequencies so that these channels can experience flat fading with no inter-carrier interference (ICI). With the use of cyclic prefix and IDFT/DFT, the detection of OFDM signals can be implemented by a simple zero-forcing equalizer. The main disadvantage of the classical OFDM is that it does not achieve the multipath diversity gain. To improve the diversity gain in OFDM, a well known method is linear constellation precoding. In particular, the precoded-OFDM system implements both subcarrier grouping and symbol spreading over independently-faded subcarriers [1, 2] .
Recently, the technique of spatial modulation (SM) was proposed and it has received a great attention in research community [3, 4] . In SM, only a subset of available transmit antennas is activated, while antenna indices are used to send extra information bits. Motivated by the idea of SM, various modifications were proposed for OFDM in which, instead of antenna indices, subcarrier indices are employed to send extra information bits. Specifically, in OFDM with index modulation (OFDM-IM) [5] , subcarriers are first activated according to a group of input bits. The active subcarriers transmit constellation symbols while inactive subcarriers transmit nothing (i.e., being turned off). More recently, a dual-mode OFDM-IM scheme is proposed as an extension of OFDM-IM [6] . The extension is that a different constellation is used for subcarriers that are supposed to be inactive in OFDM-IM. For the dual-mode OFDM-IM to work well, it is important to design proper constellations for the two modes of subcarriers.
IM-based OFDM systems perform better than the classical OFDM system because a higher diversity gain is achieved for bits transmitted by means of subcarrier indexing. The another advantage of the IM-based OFDM systems is that they are more flexible than the classical OFDM system in terms of spectral efficiency. This is because in a classical OFDM system the modulated symbols are usually drawn from a single signal constellation, whereas in IM-based OFDM systems the number of active subcarriers can be chosen quite arbitrarily.
The main objective of this paper is to compare IM-based OFDM to a more flexible version of OFDM, known as OFDM with multiple constellations (OFDMMConst). To deliver the same spectral efficiency as in the IM-based OFDM, the OFDM-MConst employs different constellations in different subcarriers. The comparison is done for both cases of "no precoding" and "with precoding" of data symbols. It will be shown that precoded-OFDM-MConst significantly outperforms precoded-IM-based-OFDM over frequency-selective Rayleigh fading channels.
System model
At the transmitter of precoded-OFDM-MConst, a total number of B bits are packed in each OFDM symbol. These B bits are divided into G groups, each group having p ¼ B=G bits. Each group is assigned to an OFDM sub-symbol with length F. Hence, the total number of subcarriers in an OFDM symbol is N ¼ FG. paper, Â is designed by the method in [1] , which can be written as
where β is a constant to satisfy the power constraint trðÂÂ H Þ ¼ F. 
where W i $ CNð0; N 0;F Þ is the frequency-domain channel noise sample. Furthermore, the received vector for the gth OFDM sub-symbol can be expressed as: It is pointed out that the complexity of the ML detection depends on the group size F, as well as the size of the constellation used in each group.
Simulation results and comparisons
The frequency-selective Rayleigh fading channel used in the simulation is similar to that in [5, 6] and has a CIR length of V ¼ 10. The number of subcarriers is set to N ¼ 128, which is divided into G ¼ 32 groups with F ¼ 4 subcarriers per group. The CP length is chosen to be L ¼ 16 [5, 6] . All systems are simulated and compared under two channel scenarios: one with AWGN only, and one under the presence of frequency-selective Rayleigh fading. For the case of frequency-selective Rayleigh fading, two cases of "no precoding" and "with precoding" are examined. The SNR is defined as E b =N 0 , where E b is the transmitted energy per information bit and N 0 is one-sided power spectral density of AWGN. Over an AWGN channel, the relative error performance of different systems can be judged based on the following normalized minimum Euclidean distance:
where X i and X j are two different realizations of an OFDM sub-symbol. On the other hand, over a frequency-selective fading channel, the diversity gain plays a more important role than d min in the high SNR region. In Fig. 1 , OFDM-MConst is compared with OFDM-IM and dual-mode OFDM-IM at the spectral efficiency of 10 bits/group. To achieve such a spectral efficiency, OFDM-IM activates 2 out of 4 subcarriers (i.e., 2 subcarriers are inactive). Each active subcarrier in OFDM-IM sends a 16QAM symbol. For the dual-mode OFDM-IM, 2 out of 4 subcarriers in each group send symbols drawn from the first QPSK, while the remaining 2 subcarriers send symbols drawn from the second QPSK constellation. Two QPSK constellations used in dual-mode OFDM-IM are optimized such that the minimum Euclidean distance between any two OFDM symbols is maximized. For OFDM-MConst, in each group, 2 subcarriers send 2 8QAM symbols and the remaining 2 subcarriers sends 2 QPSK symbols. To enlarge the minimum Euclidean distance between any two OFDM sub-symbols corresponding to the same set of subcarriers, the 8QAM symbols are f2; 2 þ 2j; 2j; À2 þ 2j; À2; À2j; 2 À 2jg, whereas the QPSK symbols are f1 þ j; À1 þ j; À1; Àj; 1 À jg. For OFDM-MConst it is found that d min ¼ 1:4907, while d min of OFDM-IM is 1.3333 and that of dual-mode OFDM-IM is 1.3706. As such, it is expected that the OFDM-MConst has the best performance, followed by OFDM-IM and dual-mode OFDM-IM. This expectation is clearly confirmed by the simulation results presented in Fig. 1 under an AWGN channel. For the case of a frequency-selective Rayleigh fading channel without precoding, the dual-mode OFDM-IM system performs better than the OFDM-IM system, the same observation made in [6] . Both the dual-mode OFDM-IM and OFDM-IM systems use subcarrier indices to transmit information bits in addition to those information bits transmitted by constellation symbols. However, the dual-mode OFDM-IM system utilizes "second-mode" subcarriers to send more information symbols that are drawn from a second constellation. This make d min of the dualmode OFDM-IM larger than d min of OFDM-IM. The performance of OFDMMConst is worse than both OFDM-IM and dual-mode OFDM-IM. This is because both OFDM-IM and dual-mode OFDM-IM have a higher diversity gain for the subcarrier indexing bits [5] , which becomes more important than the larger d min of OFDM-MConst in a frequency-selective fading channel.
The most interesting and relevant comparison is when precoding is employed for all three systems. For precoded-OFDM-IM, the modulated symbols in each group are passed through a precoder Â and then transmitted on active subcarriers determined by the subcarrier index bits. Likewise, for precoded-dual-mode OFDM-IM, one precoder is applied for modulated symbols draw from the first constellation and another precoder is applied for modulated symbols draw from the second constellation. It can be seen from Fig. 1 that the performance of precoded-OFDMMConst is significantly better than that of precoded-OFDM-IM and precoded-dualmode OFDM-IM. At the BER level of 10 À5 the SNR gain (i.e., coding gain) of the precoded-OFDM-MConst over the other two precoded IM-based OFDM schemes is about 5 and 6 dB. The better performance of precoded-OFDM-MConst is due to the fact that it achieves the diversity order of 4 which is equal to the length of OFDM sub-symbol F ¼ 4, while precoded-OFDM-IM and precoded-dual-mode OFDM-IM can only achieve the diversity order of 2. This is because the diversity gain of any of 3 systems is determined by the minimum rank of matrix
. For example, the precoded-OFDM-IM has rank 2 when X i ¼ ½X 1 ; X 2 ; 0; 0 T and X j ¼ ½X 1 ; 0; X 2 ; 0 T , where
The precoded-dual-mode OFDM-IM has rank 2 when X i ¼ ½X 1 ; X 2 ;X 1 ;X 2 T and X j ¼ ½X 1 ;X 1 ; X 2 ;X 2 T where X 1 ; X 2 andX 1 ;X 2 are the outputs of the precoders for modulated symbols drawn from constellations 1 and 2, respectively. Similar performance comparison among three systems is presented Fig. 2 , but at a higher spectral efficiency of 18 bits/group. To pack 18 bits in each subcarrier group, OFDM-IM activates 2 out of 4 subcarriers in one group and each subcarrier transmits a 256QAM constellation symbol. For the dual-mode OFDM-IM system, in one group 2 subcarriers are chosen to transmit symbols taken from the first 16QAM constellation, while the other 2 subcarriers transmit symbols taken from the second 16QAM constellation. For OFDM-MConst, 4 subcarriers in one group transmit symbols taken from 32QAM and 16QAM. Specifically, the first two subcarriers transmits 32QAM symbols and the last two subcarriers transmits 16QAM symbols. The minimum distances are found to be 0.9428, 0.8944 and 0.4339 for the OFDM-MConst, dual-mode OFDM-IM and OFDM-IM, respectively. Under the frequency selective Rayleigh fading channel, the coding gain of the precoded-OFDM-MConst over the other two IM-based OFDM schemes is about 6 and 10 dB at the BER level of 10 À5 .
Conclusion
This paper has shown that, for the same spectral efficiency, OFDM with multiple constellations performs slightly better than both OFDM-IM and dual-mode OFDM-IM over an AWGN channel. More importantly, due to a larger diversity gain achieved with precoding and for all information bits, the precoded-OFDM-MConst significantly outperforms both the precoded IM-based OFDM schemes. The results obtained in this paper suggest that one needs to carefully consider the performancecomplexity tradeoff when choosing between IM-based OFDM and OFDMMConst. 
